ABSTRACT Ultrafine grained (UFG) materials have attracted considerable attention owing to their unique microstructure and mechanical properties. However, the easy formation of large-scale shear bands and severe grain coarsening during cyclic deformation gives rise to enormous difficulties when investigating the intrinsic fatigue behavior of UFG materials. Herein, we discuss the fabrication of an ideal model material, based on pure Cu, by friction stir processing (FSP), which exhibits equiaxed ultrafine grains, low dislocation density, and a high ratio of high-angle grain boundaries. This model material was used to investigate the intrinsic high cycle fatigue behavior of UFG material. It was found that an enhanced fatigue limit and fatigue ratio can be achieved by FSP Cu due to its uniform and stable UFG structure. Instead of traditional large-scale shear bands, protrusion was found to be the main surface damage morphology for FSP Cu during high cycle fatigue deformation, and no obvious grain coarsening was observed. Dislocation related activity also dominated, but was limited to the ultrafine grains without the formation of regular dislocation structures.
In recent decades, ultrafine grained (UFG) materials have attracted considerable interest due to their unique microstructure and mechanical properties [1, 2] . Many previous studies on UFG materials focused on microstructure evolution, strength enhancement and the strength-ductility relationship. Regarding the fatigue of UFG materials, most studies have concentrated on cyclic deformation, fatigue life, surface damage formation and underlying microstructural mechanisms [3] . However, despite the amount of research in this field, there is as yet no unequivocal knowledge of the fatigue deformation mechanism of UFG materials, which is of primary importance for practical engineering applications [3] [4] [5] [6] [7] [8] [9] [10] .
At present, various severe plastic deformation (SPD) methods, such as equal channel angular pressing (ECAP), high pressure torsion (HPT), and dynamic plastic deformation (DPD), provide practical approaches to prepare bulk metal and alloy samples with UFG structures [1, 2, [11] [12] [13] [14] [15] [16] . The fabricated UFG materials exist mostly in a metastable state, the microstructures of which are easy to manipulate by dynamic recovery and recrystallization under applied loading, even at room temperature [1] [2] [3] . It has been commonly recognized that room temperature fatigue damage in UFG materials can be attributed to grain coarsening and the formation of large-scale shear bands (SBs), which can extend over a greater scale than the initial grain size [3] [4] [5] [6] [7] [8] [9] [10] .
As a typical face center cubic (fcc) metal, pure Cu has been widely used as a model material in investigating the fatigue behavior of UFG materials [3] . The results show that although the fatigue strength of Cu can be improved to some extent in the high stress amplitude range, its high cycle fatigue limit remains essentially unchanged (~80-100 MPa) and a relatively low fatigue ratio (fatigue limit/ultimate tensile strength) of~0.20-0.25 is achieved [3] [4] [5] [6] [7] [8] . Coarse grains, together with large-scale SBs of several tens of micrometers, can be observed due to the excessive grain growth caused by strain localization and dynamic recrystallization. Furthermore, various typical dislocation configurations of fatigued coarse-grained (CG) Cu, such as dislocation walls/cells, can be observed in fatigued UFG Cu, and the intrinsic fatigue behavior of UFG Cu may be concealed in this case.
Based on the basic principle of friction stir welding (FSW), a new processing technique-friction stir processing (FSP), has been developed for structural modification [17] .
Recently, FSP has been proven to be an effective method to prepare bulk UFG materials, such as Al, Mg, Cu, Ni and their alloys [18] [19] [20] [21] [22] [23] . Compared to the SPD UFG materials, a more stable structure should be achieved in FSP UFG materials, which exhibits an equiaxed recrystallized microstructure, with low dislocation density and a high ratio of high-angle grain boundaries (HAGBs). Therefore, enhanced strain hardening can be achieved in FSP UFG Cu due to its unique microstructure [23] .
FSP UFG Cu acts as an ideal model for the investigation of mechanical properties, especially when examining fatigue behavior, which is strongly associated with the microstructure. As a preliminary investigation, stress-controlled high cycle fatigue tests were conducted on FSP UFG Cu. The aim of this study was to investigate the intrinsic high cycle fatigue behavior of UFG materials.
Commercially pure Cu (99.98 wt.%) plates of 3 mm thickness were used in this study, and they were annealed for 2 h at 700°C to provide the initial CG state. To prepare the UFG Cu, the plates were first fixed in water and then subjected to FSP at a rotation rate of 600 rpm using a tool with a shoulder 12 mm in diameter. During FSP, additional rapid cooling by flowing water was utilized. Detailed parameters regarding water cooling were described in the previous study [24] .
Microstructural examination of samples was completed using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD). The specimens for microstructural observation were machined from the cross-sectional plane perpendicular to the processing direction. Data collection by EBSD was performed using a program developed by TSL (OIM analysis system) on a field emission (FE) SEM with step size of 70 nm. Flat dog-bone-shaped fatigue specimens with a gauge dimension of 4×3×2 mm 3 were cut from the processed zone along the FSP direction. Symmetrical cyclic pull-push (R=−1) fatigue tests under fully reversed constant stress were carried out with the use of a Shimadzu 4830 fatigue testing machine with a frequency of 30 Hz. Fig. 1 shows the typical microstructure of the FSP UFG Cu observed from EBSD and TEM. Similar to other FSP UFG materials [18] [19] [20] [21] [22] , uniform equiaxed grains were obtained in FSP Cu, as shown in Fig. 1a . From the detailed TEM microstructure in Fig. 1b , a low dislocation density is observed in these equiaxed ultrafine grains. Moreover, most grain boundaries are sharp, clear, and relatively straight, which are characterized as HAGBs. Wavy, diffuse and ill-defined low angle GBs (LAGBs), as indicated in Fig. 1b , are also observed, which are similar to those in SPD UFG Cu [1, 2, 25, 26 ]. An average grain (sub-grain) size of~800 nm could be calculated from the TEM microstructure; however, an average grain size of 1.17 μm was calculated automatically by the grain area determination method of the TSL software, and the grain size distribution is shown in Fig. 1c . Differences from the SPD Cu, which has a low ratio of HAGBs (~60%) [26, 27] , a high ratio of HAGBs (85%), can be obtained in FSP Cu, which is in accordance with other FSP UFG materials [18] [19] [20] [21] [22] . Furthermore, the grain boundary distribution of FSP Cu is close to the random distribution of a cubic metal, as shown in Fig. 1d . From these microstructural characteristics, it is clear that FSP Cu provides an ideal model to investigate the high cycle fatigue behavior of UFG materials. Fig. 2 shows the stress amplitude-number of cycles to failure (S-N) curves of FSP Cu and other SPD Cu as well as the CG Cu by log-log form. The ultimate tensile strength (UTS), fatigue limit (10 7 cycles), together with the calculated fatigue ratios are shown in Table 1 . It can be seen that CG Cu exhibited a low fatigue limit of 60 MPa, and enhanced fatigue limits were obtained for various UFG Cu. Though a relatively low UTS of 330 MPa was achieved for FSP Cu compared to that of ECAP and HPT Cu, FSP Cu exhibited a higher fatigue limit of 120 MPa; i.e., a higher fatigue ratio (~0.36) can be obtained for FSP Cu, which was even larger than that of CG Cu.
The relationship between stress amplitude Δσ/2 and fatigue life 2N f can be expressed by the following Basquin equation [26] :
where σ′ f is the fatigue strength coefficient and b is the fatigue strength exponent (Basquin exponent). Obviously, strong linear relationships can be observed between logΔσ/2 and log2N f for the CG Cu and various UFG Cu Figure 2 log-log form of stress-fatigue life (S-N) curves for CG Cu and various UFG Cu specimens [4] [5] [6] [7] .
specimens ( Fig. 2) , and the σ′ f and b values can be calculated from the intercept with the amplitude axis and the linear slope, respectively, as shown in Table 1 . From Equation (1), it is clear that in order to increase the high cycle fatigue strength, increased σ′ f and b values are needed. Usually, σ′ f is nearly equal to the true tensile strength after modification with necking [28] . Clearly, FSP Cu exhibited a much lower σ′ f compared to SPD Cu, due to its relatively low tensile strength (Table 1) . However, a larger b value was achieved for FSP Cu, resulting in a higher fatigue limit (Fig. 2 and Table 1 ). In an ideal circumstance (b=0), the fatigue strength equals to σ′ f , indicating a damage immunizing microstructure during cyclic deformation. Actually, fatigue damage accumulates during cyclic deformation and the fatigue strength is always lower than the tensile strength, so b<0. To a certain extent, b represents the degree of the fatigue damage, which is associated with the initial microstructure characteristics.
Grain refinement is a double-edged sword for the improvement of fatigue strength. In the UFG materials, GBs are the dominate obstacles to impede dislocations, in which case, b decreases sharply for unstable microstructure and highly localized strain. It is found that the well-developed [29, 30] . Obviously, b value would decrease clearly in extremely unstable microstructure with high density of defects and non-equilibrium structures in the SPD materials. By contrast, stable structure with uniform equiaxed fine grains and well-developed equilibrium HAGBs was obtained in FSP Cu, resulting in the enhanced b value compared to that of the SPD Cu. Fig. 3 shows the typical surface damage morphologies after fatigue for the CG Cu and FSP Cu. It is clear that very large slip bands, can be observed on the damaged surface of CG Cu, and the cracks propagated along the slip bands or the grain boundaries (Fig. 3a) . Moreover, many extrusions can be observed protruding from the slip bands, as shown in Fig. 3b , which is similar to that of the single crystal Cu [28, 31] . For FSP Cu, no large-scale slip bands could be observed, and no obvious crack initiating sites were found near the fracture edge. Under low stress amplitudes, i.e., for high cycle fatigue circumstances, only protrusions were observed and no slip bands were found on the fatigued surfaces (Fig. 3c) . Therefore, protrusion was observed to be the main damage morphology for FSP Cu during the high cycle fatigue deformation process. Under a high fatigue stress of 200 MPa, i.e., near the low cycle fatigue conditions, few small-scale slip bands could be found in the grains with a relatively large size, although protrusion is still the main damage morphology, as shown in Fig. 3d . Although no obvious crack initiation sites were observed in FSP Cu, cracks should initiate preferentially at the GBs and protrusions which are the main surface damages.
The damage morphology of SPD Cu is very different from that in FSP Cu observed in this study [3] [4] [5] [6] [7] [8] [9] [10] . It is well known that large-scale slip bands, several tens of micrometers in size have been observed on the damaged surfaces of SPD Cu, even at very low stress amplitudes (less than 0.5 UTS) [4, 5, 7, 10, 31] . Furthermore, Goto et al. [32] indicated that the slip bands formed in ECAP Cu were longer and had an inferior uniformity of distribution density at a lower stress amplitude of 120 MPa, when compared to the slip bands at a high stress amplitude of 240 MPa. Similarly, large-scale slip bands can also be observed on the damaged surfaces of HPT Cu specimens after fatigue tests [7, 33] . It is well accepted that fatigue cracks easily initiate and propagate along large-scale slip bands in SPD Cu, resulting in earlier fractures with a low fatigue limit.
There is still no general consensus on the formation mechanism of large-scale slip bands in SPD UFG materials during cyclic deformation. Grain coarsening has been taken as an explanation of slip band formation. However, this explanation carries with it the problem of a dimensional mismatch between SBs and coarse grains [3] [4] [5] [6] [7] [8] [9] [10] . Therefore, some researchers suggest that the formation of slip bands in ECAP UFG materials may be related to the oriented distributions of defects along the shear plane of the last pressing [3, 5, 32 ].
An unstable microstructure was purported to be the intrinsic origin for the formation of large-scale slip bands. A high degree of non-equilibrium at grain boundaries with high energy, excessive volume, and long-range stress fields was proven to exist in SPD UFG materials. Grain boundary sliding assisted dynamic recrystallization easily occurred during cyclic deformation, resulting in the formation of coarse grains [3] [4] [5] 8] . A strong shear texture was present in the SPD Cu due to severe shear deformation, and pre-existing slip bands are believed to exist in SPD UFG materials [1] [2] [3] 5, 7] . Therefore, large-scale slip bands are easy to form locally in SPD UFG materials with an unstable microstructure.
For the present FSP Cu, the increased b value significantly reduced the fatigue damage due to its stable microstructure. Usually, FSP Cu contains low dislocation density, and dislocation slip can occur during cyclic deformation, facilitating the formation of dislocation structures in the grains. More important, a uniform microstructure with high density of equilibrium HAGBs was obtained in FSP Cu. So, plastic deformation was very homogeneous during high cycle fatigue process, and no unstable area deformed preferentially. That is to say, the dislocation activity originated from plastic deformation should be restricted in the ultrafine grains of FSP Cu during high cycle fatigue process, therefore inhibiting the formation of large-scale damage morphologies. Fig. 4 shows the microstructures after fatigue tests on FSP Cu specimens under a low stress of 130 MPa, which is near the fatigue limit of 120 MPa. From the EBSD microstructure, it is clear that a microstructure similar to the original FSP Cu (Fig. 1a) could be observed, as shown in Fig. 4a . Further, no obvious grain growth was detected, with the average grain size only slightly increasing to~1.21 μm (Fig. 4b) . TEM microstructure further proves that the grain structure retains a morphology similar to that of the original, without obvious grain growth. However, a high density of dislocations could be observed, as shown in Fig.  4c .
Grain coarsening was frequently observed in SPD Cu after fatigue tests, and regular dislocation structures (subgrain boundaries) were found in most of the grown grains, which are similar to those in post-fatigue CG Cu [3, [6] [7] [8] 10 ].
However, FSP Cu exhibited very different dislocation structures after fatigue test, with the HAGBs still keeping their original characteristics and a high density of dislocation was observed in the ultrafine grains (Fig. 4c) . This implies that the dislocation related activities also dominate during the high cycle fatigue deformation of the FSP UFG materials, and the ultrafine grains have a strong capability to initiate and store dislocations in their interior. In CG Cu, regular dislocation patterns in the forms of walls and PSBs can be readily observed after cyclic deformation [28] . Similarly, dislocation walls and cells can be observed in the SPD UFG Cu due to the grain coarsening [3, [6] [7] [8] 10] . In FSP Cu, high density of dislocations were observed in the ultrafine grains, however, well-defined patterns (high-density dislocation in the walls and extremely low-density dislocations in the interior) cannot be formed.
In summary, the present results demonstrate that enhanced high cycle fatigue properties can be achieved in FSP UFG Cu compared to that of SPD Cu, and the fatigue limit and fatigue ratio of FSP Cu were 120 MPa and 0.36, respectively. FSP Cu still exhibited a uniform equiaxed UFG structure without grain coarsening after high cycle fatigue tests, and no large-scale slip bands formed on the damaged surfaces. Instead, protrusion is the main damage morphology for FSP Cu during high cycle fatigue deformation. Further, a high density of dislocations could be observed in the ultrafine grains of FSP Cu after high cycle fatigue tests.
